), although the activity in the fine particle fraction at the roadside site was only 1.4-fold higher than that at the suburban site. These results indicated that, with regard to mutagenicity, the health risk due to ultrafine particles is relatively high at roadside areas.
INTRODUCTION
The particle size distribution of atmospheric particulate matter (PM) is very important with regard to the influence of PM on human health, because particle size controls the deposition behaviour of PM in respiratory organs. 1, 2) Coarse particles are mainly deposited in the nasal area and the upper parts of the respiratory tract. In contrast, fine and ultrafine particles can easily reach the pulmonary alveoli. In particular, ultrafine particles are deposited at higher efficiency in the pulmonary alveoli than fine particles. 1) Moreover, some of the ultrafine particles that are deposited on the surfaces of pulmonary alveoli penetrate into cells and blood vessels of the lung. 3, 4) In addition, it was recently reported that some of the inhaled ultrafine particles were transported to the brain. 5) Therefore, ultrafine particles may act as carriers of chemicals that act as triggers for various health effects. However, at present insufficient information is available about the chemical composition and toxicity of ultrafine particles to draw any definite conclusions regarding their influence on human health.
PM contains various chemical substances and extracts of PM show mutagenicity. [6] [7] [8] Several authors investigated the concentrations of mutagenic compounds and mutagenic activities of PM fractionated according to size: the conclusion is that mutagenic compounds, such as polycyclic aromatic hydrocarbons (PAHs) and nitrated polycyclic aromatic hydrocarbons (nitro-PAHs), are mainly present in the fine particle fraction, [9] [10] [11] [12] and most of the mutagenic activity is observed in fine particle fraction. 10, [13] [14] [15] However, very little information is available about the mutagenic activity of ultrafine particles and their contribution to the total mutagenic activity. 16, 17) In particular, there have been no reports The mutagenic activity of size-fractionated atmospheric particulate matter (PM) was investigated at both a roadside site and a suburban site in Saitama, Japan. Sampling was carried out using a low-pressure cascade impactor between January and February 2005. The mutagenic activity of the size-fractionated PM was determined by the Ames test using Salmonella typhimurium strain TA98 without metabolic activation (S9). Most of the mutagenic activity was found in the fine particle fraction (< 2.1 µm) at both sites. There was almost no difference in the contribution of fine particles to the mutagenic activity of total PM between the two sites. On the other hand, there was a clear difference in the contribution of ultrafine particles (< 0.12 µm) to the mutagenic activity between the two sites. At the suburban site, ultrafine particles accounted for 5.7% of the mutagenic activity of total PM. In contrast, at the roadside site, ultrafine particles contributed as much as 12% to the mutagenic activity of total PM, although their contribution to the total PM mass was only 2.3%. Moreover, the mutagenic activity per unit air volume in the ultrafine particle fraction at the roadside site (1.2 revertants/m 3 ) was 3.1-fold higher than that at the suburban site (0.38 revertants/m regarding those in the ambient air at roadside areas, although ultrafine particles are generated mainly by combustion sources, such as motor vehicles.
18) Both the mutagenic activity and the mutagenic contribution of ultrafine particles are expected to be particularly high at roadside areas.
In the present study, we measured the mutagenicity of size-fractionated PM at a roadside site and a suburban site. The mutagenic activity of ultrafine particles and their contribution to the mutagenic activity of total PM at the roadside site were compared with those at the suburban site.
MATERIALS AND METHODS
Sampling Sites ---PM sampling was performed at a roadside site and a suburban site. The roadside site was located within 1 m of the kerbside of Prefecture Road 57 in Saitama City, located to the north of Tokyo, Japan. The traffic flow at the site was about 19000 vehicles per day and the fraction of heavy vehicles was 21% of the total number of vehicles. The suburban site was located within Saitama University in the residential area in Saitama City and at a distance of 300 m from the roadside site. Sampling and Weighing of PM ---A low-pressure cascade impactor (LP-20, Dylec, Japan) was used to measure particle size distributions of mass concentration and mutagenic activity of PM at the roadside site and the suburban site. PM was separated into twelve fractions of different sizes as follows: < 0.12, 0.12-0.20, 0.20-0.30, 0.30-0.50, 0.50-0.70, 0.70-1.2, 1.2-2.1, 2.1-3.5, 3.5-5.2, 5.2-7.8, 7.8-11, and > 11 µm. Sampling was carried out over 5 weeks from 24 January to 28 February 2005. PM was collected on quartz fibre filters (2500QAT-UP, Pallflex Products, U.S.A.) at a flow rate of 23.0 l/ min and the filters were changed every week.
PM mass concentration was determined by weighing the filters using a microbalance (M5P-F, Sartorius) before and after air sampling. The filters were equilibrated at a relative humidity of 45 ± 5% and a temperature of 20 ± 1°C in the weighing room for at least 48 hr before weighing commenced. An alpha-particle source was used to eliminate the effects of static electricity on the weighing process. After the filters were weighed, they were stored at -30°C in a freezer until extraction. Pretreatment of PM Samples ---Each filter was cut into small pieces and the soluble organic fraction was extracted twice by ultrasonication with 150 ml of dichloromethane. The extract was filtered and evaporated to dryness with a rotary evaporator and a stream of nitrogen gas. The residue was dissolved in dimethyl sulfoxide (DMSO). Sample pretreatment was performed under darkroom conditions to prevent photochemical reactions. Mutagenicity Assay ---Mutagenicity assays of the samples were conducted in accordance with the preincubation technique 19) using the Salmonella typhimurium strain TA98. 20) As the mass of PM in each size-fraction was extremely small, assays were performed only without a metabolic activation system (S9 mix). Assays were carried out at three different dose levels. 2-Nitrofluorene was used as a positive control and DMSO was used as a solvent control.
RESULTS AND DISCUSSION
Figure 1(a) and 1(b) show particle size distributions of PM mass concentration at the roadside site and the suburban site, respectively. Figure 1 (c) shows the roadside/suburban ratio (R/S ratio) of PM mass concentration. Here, we refer to particles smaller than 0.12 µm as ultrafine particles, those smaller than 2.1 µm as fine particles (including ultrafine particles), and those larger than 2.1 µm as coarse particles. In the ambient air at both sites, the particle size distributions of PM mass concentration were bimodal with peaks at the 0.50-0.70 µm fraction and the 7.8-11 µm fraction. The R/S ratio of the PM mass concentration was close to 1.0 in the 0.2-1.2 µm fractions, i.e., accumulation mode, while a high R/S ratio was found in each size fraction of ultrafine particles and coarse particles. In particular, the highest R/S ratio (3.0) was observed in the ultrafine particle fraction. In general, the residence time of ultrafine particles in the ambient air is shorter than that of accumulation mode particles because ultrafine particles show high dry deposition velocity. 21) Therefore, the mass concentration of ultrafine particles is particularly high in the ambient air around emission sources of ultrafine particles. Motor vehicles emit heavily ultrafine particles. 22, 23) Therefore, the high mass concentration in the ultrafine particle fraction at the roadside site would be caused by motor vehicle emissions. Figure 2 (a) and 2(b) show particle size distributions of mutagenic activity per unit air volume (revertants/m 3 ) at the roadside site and the suburban site, respectively. Figure 2(c) shows the R/S ratio of the activity. All the size-fractionated PM samples showed direct-acting mutagenicity. The particle size distributions of the mutagenic activity per unit air volume were unimodal with a peak at the 0.50-0.70 µm fraction in the ambient air at both sites, although those of PM mass concentration were bimodal. Most of the mutagenic activity was found in the fractions of fine particles at both sites. Figure 3 shows the cumulative percentage (%) of mass and mutagenic activity (in revertants/m 3 ) of PM at the roadside site and the suburban site. The particle size distribution of the cumulative percentage is useful in considering the contributions of fine and ultrafine particles to the mutagenic activity of total PM. There was almost no difference in the mutagenic contribution of fine particles between the roadside site and the suburban site. Fine particles contributed 88% to the mutagenic activity of total PM at the roadside site, and 90% to the activity at the suburban site. The dominance of the contribution of fine particles to the activity was in agreement with previous reports. 10, [13] [14] [15] In contrast, there was a clear difference in the mutagenic contribution of ultrafine particles between the two sites. At the suburban site, ultrafine particles showed a contribution of 5.7% to the mutagenic activity of total PM. This percentage (5.7%) was similar to that (5.3%) at the suburban site in our previous study. 17) On the other hand, at the roadside site, ultrafine particles contributed as much as 12% to the mutagenic activity of total PM, although their contribution to the total PM mass was only 2.3%. Moreover, as shown in Fig. 2 , the mutagenic activity per unit air volume in the ultrafine particles fraction at the roadside site (1.2 revertants/m 3 ) was 3.1-fold higher than that at the suburban site (0.38 revertants/m 3 ), although the mutagenic activity per unit air volume in the fine particle fractions at the roadside site (8.5 revertants/m 3 ) was only 1.4-fold higher than that at the suburban site (5.9 revertants/m 3 ). As described previously, the main source of ultrafine particles at the roadside site is probably motor vehicle emissions. Exhaust particles from motor vehicles, particularly diesel motor vehicles, contain various direct-acting mutagenic compounds, such as nitro-PAHs and oxygenated nitro-PAHs. [24] [25] [26] Therefore, the higher mutagenic contribution and the higher mutagenic activity (in revertants/m 3 ) of the ultrafine particle fraction at the roadside site would be due to emissions from motor vehicles. Figure 4 shows the mutagenic activity per unit mass of PM (revertants/mg) in each size fraction. The mutagenic activity per unit PM mass increased with decreasing particle size, and the highest activity (in revertants/mg) was observed in the ultrafine particle fraction at both sites. Ultrafine particles have a high surface area per unit PM mass. Therefore, ultrafine particles can likely adsorb significant amounts of mutagenic compounds on their surfaces. There was almost no difference in the mutagenic activity per unit mass of PM in each fraction of ultrafine and fine particles between the roadside site and the suburban site (Fig. 4) . This result indicates that the main sources of ultrafine particles and fine particles at the suburban site may be identical with those at the roadside site. That is, ultrafine particles in the exhaust of motor vehicles may greatly affect the mutagenic activity (in revertants/m 3 ) of the ultrafine particle fraction in the ambient air, not only at the roadside site, but also at the suburban site.
Ultrafine particles show much higher deposition efficiency to the pulmonary alveoli than fine particles and coarse particles, 1) and some of the inhaled ultrafine particles penetrate deeply into the cells and blood vessels of the lung 3, 4) and the brain. 5) Moreover, as mentioned above, the mutagenic activity per unit mass of PM in the ultrafine particle fraction was significantly higher than those in the fine and coarse particle fractions at both sites. Thus, ultrafine particles may have a significant influence on human health, even if the contribution of ultrafine particles to the total PM mass is small. The results of the present study confirmed that the mass concentration and the mutagenic activity per unit air volume (revertants/m 3 ) in the ultrafine particle fraction at the roadside site were much higher than those at the suburban site. These results indicated that, with regard to the mutagenicity, the health risk due to ultrafine particles is relatively high at roadside areas. Future studies will need to investingate the relationship between the chemical composition and the mutagenic activity of ultrafine particles and clarify the significant contributor to the mutagenic activity of ultrafine particles.
